The premature aging and cancer-prone disease Werner syndrome stems from loss of WRN protein function. WRN deficiency causes replication abnormalities, sensitivity to certain genotoxic agents, genomic instability and early replicative senescence in primary fibroblasts. As a RecQ helicase family member, WRN is a DNA-dependent ATPase and unwinding enzyme, but also possesses strand annealing and exonuclease activities. RecQ helicases are postulated to participate in pathways responding to replication blockage, pathways possibly initiated by fork regression. In this study, a series of model replication fork substrates were used to examine the fork regression capability of WRN. Our results demonstrate that WRN catalyzes fork regression and Holliday junction formation. This process is an ATPdependent reaction that is particularly efficient on forks containing single-stranded gaps of at least 11-13 nt on the leading arm at the fork junction. Importantly, WRN exonuclease activity, by digesting the leading daughter strand, enhances regression of forks with smaller gaps on the leading arm, thus creating an optimal structure for regression. Our results suggest that the multiple activities of WRN cooperate to promote replication fork regression. These findings, along with the established cellular consequences of WRN deficiency, strongly support a role for WRN in regression of blocked replication forks.
INTRODUCTION
Werner syndrome (WS) is a rare, autosomal recessive disease characterized by early onset and increased frequency of many phenotypes normally associated with human aging including graying and loss of hair, wrinkling and ulceration of skin, cancer, atherosclerosis, cataracts, osteoporosis, diabetes and hypertension (1, 2) . Intriguingly, all of these phenotypes result from loss of function of a single gene product, WRN, belonging to the RecQ family of DNA helicases (3) that includes the prototype RecQ in E. coli, Sgs1 in S. cerevisiae, Rqh1 in S. pombe and four other family members in humans. Importantly, the highly cancer-prone Bloom syndrome (BS) is caused by mutations in human RecQ family member BLM (4), while Rothmund-Thomson (RTS), RAPADILINO and Baller-Gerold syndromes are caused by different mutations in family member RECQL4 (5-7). The RECQL4-related syndromes are collectively characterized by abnormalities in skeletal development and skin pigmentation (poikiloderma), but RTS also shows an elevated incidence of osteosarcoma. At the cellular level, loss of function of a RecQ family member generally results in increased spontaneous and damage-induced chromosomal aberrations, suggesting crucial functions for these proteins in maintaining large-scale genome stability. In agreement with this notion, WRN-deficient cells have higher frequencies of chromosomal deletions, insertions and translocations and are more sensitive to selected DNA damaging agents (including replication inhibitors, topoisomerase I inhibitors and interstrand crosslinking agents) than cells derived from normal individuals (8) (9) (10) (11) (12) (13) . Moreover, primary fibroblasts from individuals with WS rapidly undergo senescence in culture, apparently *To whom correspondence should be addressed. Tel: +859 323 3612; Fax: +859 323 1059; Email: dkorre2@uky.edu ß 2007 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. as a result of the inability to properly maintain their telomeres (14) (15) (16) . Accumulation of senescent cells or the cumulative loss of cells by apoptosis is almost assuredly the cause of premature aging in WS; these mechanisms are also postulated to play a role in normal aging (17) (18) (19) . Thus, the WS phenotypes may point to specific tissues in which these mechanisms may be at work during the development of aging phenotypes in normal individuals.
All RecQ helicases including WRN are highly homologous within defined amino acid sequence motifs that are also identifiable but less conserved in a larger group of enzymes from helicase superfamilies 1 and 2. These sequence motifs anchor a domain that, in RecQ helicases, uses the energy derived from ATP hydrolysis to unwind DNA with a 3 0 to 5 0 polarity defined by the strand upon which the enzyme translocates. WRN and other RecQ helicases unwind short duplexes and a variety of unusual DNA structures including forks, D-loops, G-quartets and triplexes (20) . Both WRN and BLM also readily branch migrate Holliday junctions (21, 22) . Recently, a number of RecQ helicases, including the human WRN, BLM, RECQ1, RECQL4 and RECQ5b proteins, have been shown to facilitate annealing of complementary DNA strands (23) (24) (25) (26) (27) . Under certain circumstances, the unwinding and annealing activities of WRN, BLM or RecQ5b can function coordinately to achieve strand exchange (23, 28) . Taken together, biochemical studies suggest that some RecQ helicases are structurally designed to act on three-or four-stranded replication or recombination intermediates. Importantly, WRN is the only human RecQ homolog to have a nuclease domain in its N-terminal region (29) that confers a 3 0 to 5 0 exonuclease activity that is particularly robust on complex DNA structures and thus similar to the specificity of its unwinding activity (30) (31) (32) . Although each of these DNA-dependent activities has been independently examined in vitro, it remains unclear whether and how they might act together in a specific DNA metabolic pathway to help maintain genome stability.
Although multiple DNA repair systems are present in all cells, encounters between replication forks and persistent DNA damage cannot be completely avoided. Recent investigations indicate that cells have evolved important pathways to respond to and overcome replication fork blockage caused by lesions in the DNA template or other circumstances (33) (34) (35) (36) (37) . It has been proposed that the initial step in dealing with a blocked replication fork involves its regression-a process by which the parental strands re-anneal and the daughter strands are paired to generate a Holliday junction or so-called 'chicken foot' structure ( Figure 1A) . Following Holliday junction formation, several alternative pathways might be employed for removing or circumventing the obstacle and restarting replication. With each pathway, eventual re-establishment of a functional replication fork is crucial for maintaining genomic stability and permitting cell survival. Because of the cellular phenotypes caused by RecQ deficiencies, they are often postulated to participate in pathways responding to fork blockage (38) (39) (40) . More specifically, WRN-deficient cells show an extension of S phase and specific replication abnormalities including asymmetry in the normal bidirectional progression of replication forks, suggesting difficulty in overcoming obstacles to replication (41, 42) . They are also hypersensitive to compounds such as hydroxyurea, topoisomerase inhibitors and interstrand crosslinking agents that inhibit replication fork progression (8, 11, 43, 44) . Moreover, immunofluorescence studies in normal cells demonstrate that WRN is present in some replication foci and is actively recruited to these foci by treatment with certain genotoxic agents (21, 42, (45) (46) (47) (48) . If WRN or other RecQ helicases act in pathways that respond to replication fork blockage, loss of their function might cause sporadic replication fork collapse, leading to generation of double-strand breaks, elevated genomic instability and an increased likelihood of cell death.
At the minimum, the regression of blocked replication forks to form Holliday junctions would entail unwinding of both parental-daughter duplex arms and pairing of the nascent daughter strands with concomitant re-annealing of the parental strands. Accurate completion of this complex process would be facilitated by an enzyme that possesses both unwinding and strand annealing capability such as WRN, or perhaps another RecQ helicase. Figure 1 . Short replication fork substrates and the influence of leading arm gap size on regression efficiency of WRN-E84A. (A) A series of model replication fork substrates with homologous parental-daughter arms of the indicated lengths was generated by a two-step annealing process (see 'Materials and methods' section). The parental strands (gray) were entirely complementary except for 5 nt (indicated in dark gray) precisely at the fork junctions to prevent spontaneous branch migration, while the daughter strands (black) are completely complementary except where they overlap this 5 nt region. For different short fork substrates, the length of the leading daughter strand ranged from 32 to 21 nt (denoted by dashed line) resulting in a leading arm gap of 0-11 nt at the fork junction. The putative WRN-or BLM-mediated conversion of these substrates through Holliday junction intermediates to parental and daughter duplex products is diagramed. (B) Reactions containing fork substrates (50 pM) with leading strand gaps of 0, 2, 5, 8 or 11 nt and WRN-E84A (25-150 pM) were incubated at 378C for 5 min and analyzed by native PAGE and visualized by phosphorimaging. The migration of specific DNA markers is indicated at left, with brackets encompassing the positions of different daughter duplexes and leading daughter strands generated from different fork substrates. (C) Quantitation (presented as% conversion, in molar terms, from fork substrate) of WRN-E84A-concentration dependent formation of daughter duplex products from fork substrates with leading strand gaps from 0 to 11 nt. (D) Reactions containing WRN-E84A (200 pM) and fork substrates (50 pM) with leading strand gaps from 0 to 11 nt were incubated at 378C for the indicated times and analyzed as in (B). Quantitation (as described earlier) of enzyme-dependent formation of daughter duplex and leading daughter strand (inset) products over time is graphed for each fork substrate. (E) Reactions containing WRN-E84A (200 pM) and fork substrate (50 pM) with an 11 nt leading arm gap (21lead fork) were incubated for the indicated times and analyzed as in (B). Lane 6 contains markers for the daughter duplex (21lead/30lag) and leading daughter strand (21lead). (F) Radioactivity associated with detectable DNA species in panel E (lanes 1-5) was quantitated and the percentage that each species contributed to the total radioactivity (100%) at each time point is plotted as a bar graph, with legend at right. The numbers between lanes correspond to the decreases in four-stranded fork substrate (top) and the sum of the increases in daughter and parental duplex species (bottom) from the previous to the subsequent time point. The near exact correspondence of these increases to the reductions in the four-stranded fork at each time point indicates that daughter and parental duplex are generated simultaneously and directly from the fork substrate.
Some exonucleolytic processing of either the leading or lagging daughter strand may also be involved in the fork regression process. A preliminary report from our laboratory has shown that BLM and an exonucleasedeficient WRN mutant, WRN-E84A, can catalyze fork regression (49) . In this study, a series of replication fork substrates have been used to determine the effect of leading arm structure on the fork regression capabilities of WRN and BLM. Our results show a pronounced effect of leading arm structure on the efficiency of regression mediated by WRN-E84A and BLM. Importantly, the 3 0 to 5 0 exonuclease activity of wild-type WRN enhances regression on a number of these structures through limited degradation of the leading daughter strand. Thus, our results indicate that the multiple enzymatic activities of WRN act together to mediate regression of replication forks. Furthermore, we demonstrate (on another model fork substrate) that WRN can mediate fork regression to form the Holliday junction or 'chicken foot' structure characteristic of a bona fide fork regression process. A function of WRN to specifically regress blocked forks during replication fork repair would be highly consistent with the specific genomic instability phenotypes associated with WS.
MATERIALS AND METHODS

Enzymes
Wild-type WRN (WRN-wt), WRN-E84A, and WRN-K577M were overexpressed in insect cells and purified essentially as described previously (50) , except that 0.1% Nonidet P40 (NP40) was included in all liquid chromatography buffers. WRN-E84A contains a point mutation in the conserved nuclease domain that inactivates its 3 0 to 5 0 exonuclease activity (29) ; this mutant retains DNA unwinding and annealing activities (23, 51) . WRN-K577M contains a point mutation inactivating its unwinding activity but still retains exonuclease and annealing activities (23, 31, 52) . Recombinant human BLM, purified after overexpression in yeast as described previously (53) , was provided by Joanna Groden (Ohio State University). The E. coli Holliday junction resolvase RusA was purified as previously described (54) , except that RusA overexpression in E. coli was at 258C and the lysis step was performed in 1.5 M KCl. UvrD was provided by Steven Matson (University of North Carolina) while both PriA and Rep were from Ken Marians (Sloan-Kettering); these proteins were purified by previously described methods (55, 56) Standards of known concentration were used to determine protein concentrations using the Bradford assay and/or SDS-PAGE. All proteins were stored at À808C prior to use.
DNA substrate construction
Nucleotide sequences of gel-purified oligonucleotides (Midland Certified Reagent Company, Midland, TX) are specified in Table 1 . The 3 0 ends of the 70lag, 70lead and 30lag oligomers were modified with phosphate groups that block the 3 0 to 5 0 exonuclease activity of WRN-wt and WRN-K577M (57). For construction of short fork substrates with both the lagging parental and leading daughter strands labeled, the 70lag, 21lead, 24lead, 27lead, 30lead and 32lead oligomers were 5 0 end-labeled with 32 P-g-ATP and T4 polynucleotide kinase, 3 0 -phosphatase free (Roche Molecular Biologicals, Indianapolis, IN) and unincorporated nucleotides were removed using standard procedures. In an initial annealing step to form parentaldaughter partial duplexes, labeled 70lag was heated to 908C and slow-cooled with excess unlabeled 30lag, while unlabeled 70lead was treated similarly in individual reactions with excess labeled 21lead, 24lead, 27lead, 30lead or 32lead. The resulting lagging and leading parental-daughter partial duplexes were then mixed together at 378C for 18 h. The long fork substrate was prepared similarly, except it contained radiolabels on both the lagging daughter (82lag) and leading parental (122lead) strands. Three-stranded forks were also prepared from sequential high and low-temperature annealing reactions, but without one of the leading or lagging daughter strands. Double-stranded substrates were prepared from single-step annealing reactions. Single-stranded oligonucleotides used for markers and in annealing reactions were simply labeled and gel-purified. After separation by native 8% polyacrylamide gel electrophoresis (PAGE), all DNA substrates were excised, extracted into TEN buffer (10 mM Tris, pH 8.0, 1 mM EDTA and 10 mM NaCl), and stored at 48C prior to use.
Enzymatic assays
All enzymatic assays were conducted in WRN reaction buffer (40 mM Tris-HCl, pH 7.0, 4 mM MgCl 2 , 0.1% NP40, 100 ug/ml bovine serum albumin and 5 mM dithiothreitol); fork regression, exonuclease and helicase assays also contained ATP (1 mM) unless otherwise indicated. For these assays, labeled fork (regression), partial duplex (helicase) or oligomeric (annealing) DNA substrate (50-200 pM) was pre-incubated for 5 min at 48C with enzyme (WRN-E84A, WRN-K577M, WRNwt, BLM, UvrD, Rep or PriA) at the concentrations in figure legends, then transferred to 378C for the indicated times. In annealing reactions, complementary single-stranded oligomer (50 pM) was added just prior to incubation at 378C. For potential detection of Holliday junctions during regression assays with long fork substrate, RusA (10-40 nM) was added 1 min into the 378C incubation. Reactions (or aliquots thereof) were stopped by adding either one-sixth volume of helicase dyes (30% glycerol, 50 mM EDTA, 0.9% SDS, 0.25% bromphenol blue and 0.25% xylene cyanol) or an equal volume of formamide dye (95% formamide, 20 mM EDTA, 0.1% bromphenol blue and 0.1% xylene cyanol) for analysis by native 8% PAGE or denaturing 14% PAGE, respectively. Specific DNA species (daughter duplexes and RusA-generated products) identified on native PAGE were excised and extracted using a gel extraction kit (Qiagen) then re-analyzed by denaturing 14% PAGE. DNA products on native and denaturing gels were visualized and quantitated using a Storm 860 phosphoimager and ImageQuant software (GE Healthcare).
In fork regression assays, radioactivity associated with individual DNA species was measured. For specific kinetic experiments ( Figure 1F ), the amounts (as a percentage of total radioactivity) of each DNA species were determined and directly compared. To calculate enzyme-mediated generation of DNA products, the percentage of each product with respect to the total (molar) amount of original fork substrate in that reaction was quantitated following subtraction of background levels of respective DNA species in reactions without enzyme. For analysis of WRN exonuclease activity during regression reactions, the amounts of radioactivity associated with intact and digested products of the leading daughter strand were determined and the percentage of each length product with respect to the total radioactivity derived from the leading daughter strand in that lane was quantitated. This data for each product derived from the leading daughter strand from individual lanes is comparatively presented for daughter duplexes extracted from native PAGE ( Figure 5C ). Alternatively, the percentages of each product formed after 5 min of digestion are compared with the amount of the respective product in the undigested substrate (0 min time point), and the percent change over time for each product is plotted ( Figure 4B ).
RESULTS
Fork regression by exonuclease-deficient WRN and the influence of leading arm structure
Our earlier experiments (49) indicated that WRN and BLM could act on a model fork structure with homologous arms to generate both parental and daughter duplexes, consistent with the possibility that these enzymes might regress replication forks in vivo. We next wanted to determine whether and how the precise structure at the fork junction might influence these novel regression activities. To this end, a series of model fourstranded replication fork substrates was constructed from individual oligomers (for details, see 'Materials and methods' section and Table 1 for nucleotide sequences). These short fork substrates ( Figure 1A ) contained a 38 bp parental duplex region, a lagging parental-daughter arm of 30 bp plus a 2 nt single-stranded gap at the fork junction, and a leading parental-daughter arm with a parental strand region of 32 nt but, on individual fork substrates, the leading daughter strand varied in length from 32 to 21 nt resulting in single-stranded gaps of 0-11 nt at the fork junction. Individual short fork substrates are identified below by their leading daughter strand (32lead fork) and/or the size of the single-stranded gap on the leading arm. Importantly, lagging and leading parental-daughter arms of these substrates were entirely homologous (except for 5 non-complementary nt on each parental strand precisely at the fork junction included to prevent spontaneous branch migration), permitting pairing between daughter strands and re-annealing of parental strands to form Holliday junction intermediates and eventually produce both parental and daughter duplexes ( Figure 1A ). With the exception of the leading daughter strand, the other 3 0 ends of these substrates were modified to block the 3 0 to 5 0 exonuclease activity of WRN. These short fork substrates were radiolabeled on the 5 0 ends of both the lagging parental strand (70lag) and the leading daughter strand (21lead, 24lead, 27lead, 30lead or 32lead) to facilitate identification of multiple DNA products.
In assays on this series of replication fork substrates, we initially used an exonuclease-deficient protein, WRN-E84A, to avoid potential degradation of the leading daughter strand that might complicate interpretation of our results. To determine the influence of leading arm structure on regression activity, WRN-E84A was incubated with individual fork substrates with gaps of 0, 2, 5, 8 and 11 nt on the leading arm at the fork junction. Our fork substrates contain three duplex regions potentially subject to unwinding when treated with a DNA helicase such as WRN. Specifically, forward unwinding of the parental duplex region of the fork would yield two parentaldaughter partial duplexes (PDs), while unwinding of either parental-daughter arm would yield a three-stranded fork and a displaced daughter strand. However, experiments performed with these substrates with low (subequimolar to a 3-fold molar excess) concentrations of WRN-E84A produced, within 5 min, primarily two species that co-migrated with markers for the parental (70 bp) and daughter duplexes ( Figure 1B ). In comparison, other DNA species (some present in low amounts in substrate preparations) including three-stranded forks, parentaldaughter partial duplexes, and leading daughter strands were not produced in significant amounts by WRN-E84A. The parental duplex could be the result of a fork regression event but also might be generated from spontaneous annealing of the partially hybridized parental strands following unwinding of both parental-daughter duplex regions. However, the daughter duplex could only arise from the unwinding of both parental-daughter arms of the fork combined with annealing of the daughter strands and thus specifically reflects fork regression. Importantly, the generation of daughter duplex (as well as parental duplex) products was observed for all fork substrates but was dramatically increased using the fork substrate (21lead fork) with an 11 nt gap as compared to fork substrates with smaller gaps ( Figure 1B ). Higher concentrations of WRN-E84A mediated increased conversion to daughter duplexes for each substrate, but the relative efficiencies of regression were preserved between substrates. Quantitation of data obtained over a wider range of WRN-E84A concentration ( Figure 1C ) demonstrated clearly that daughter duplex formation preferentially occurred when the fork substrate contained an 11 nt gap. Using a fork with a smaller gap of 8 nt reduced daughter duplex formation precipitously, while further shortening of the gap lowered the efficiency of this reaction further. This data was corroborated by kinetic experiments performed using a fixed concentration of WRN-E84A on each substrate. In these assays ( Figure 1D ), the daughter duplexes formed were clearly detectable and increased linearly with time but were relatively modest for fork substrates with gaps of 0, 2, 5 and 8 nt. In contrast, daughter duplex formation from the substrate with an 11 nt gap was markedly higher at each time point (reaching about 60% conversion by 5 min) than for the substrates with smaller gaps. It is notable that generation of the leading daughter strand product is minimal over the same time frame for each substrate ( Figure 1D , inset), again suggesting that the daughter duplex formation occurs through direct coordination between unwinding of both parental-daughter arms and pairing of the daughter strands. Taken together, our data indicates that daughter duplex formation (indicative of fork regression) by exonuclease-deficient WRN-E84A occurs much more readily on replication fork substrate with a larger (11 nt) gap on the leading strand than on forks with smaller gaps. The efficiency of regression by WRN-E84A drops considerably when the gap is shortened to 8 nt and decreases further on substrates with even smaller gaps. Our results on these substrates confirm our earlier observation (using a structurally different fork substrate) that WRN catalyzes a reaction reminiscent of fork regression (49) . Moreover, they suggest that, although WRN-E84A has a certain amount of structural flexibility, the efficiency of this reaction is determined by structure of the leading arm at the fork junction.
Mechanistic considerations
Since daughter duplex formation catalyzed by WRN-E84A on 21lead fork substrate containing an 11 nt leading arm gap was so much more efficient than on other substrates, a more in-depth analysis of WRN-E84A action on this substrate was performed. The amount of each detectable DNA species from a kinetic experiment on this substrate ( Figure 1E ) was determined at each time point. Then, the contribution (expressed as percentage) of each DNA species to the total radioactivity was plotted over time ( Figure 1F ). Before the beginning of the reaction, the fork substrate contained 91.6% of the total radioactivity with no other individual species contributing more than 2.5%. After initiation of the WRN-E84A-mediated reaction, only the amounts of four-stranded fork, daughter duplex and parental duplex changed significantly; at any time point, not one of the other DNA species (lagging parental strand, parental-daughter partial duplexes, three-stranded fork or leading daughter strand) ever contributed more than 6.3% to the total radioactivity. Most notably, the amount of fork substrate decreased dramatically with time while the amounts of parental and daughter duplex increased ( Figure 1E and F). Importantly, the combined increases in parental and daughter duplex products (positive values shown between bars, at bottom) almost exactly reflected the decreases (negative values between bars, at top) in fork substrate between individual time points ( Figure 1F ). Thus, it can be concluded that, during the course of this reaction, the radioactivity in the fork substrate (labeled on one parental and one daughter strand) was distributed in a concerted manner between the parental and daughter duplex products without significant generation of other intermediates. This strongly suggests that WRN-E84A, in a reaction mimicking fork regression, catalyzes direct and coordinated conversion of our short fork substrate with the 11 nt gap on the leading arm to parental and daughter duplexes. In all likelihood, this mechanism also applies to WRN-mediated (and possibly BLM-mediated) action on other, less favorable, fork substrates.
The most straightforward analysis of these results is that WRN-E84A produces daughter (and parental) duplex from fork substrates by coordinately unwinding the parental-daughter arms and annealing the leading and lagging daughter strands by an intramolecular strand exchange reaction. However, we wanted to determine whether daughter duplex formation might occur by strand exchange between independent DNA molecules. To this end, we examined the action of WRN-E84A on two different three-stranded forks, one containing only the lagging daughter strand and the other only the leading daughter strand. When WRN-E84A was incubated with only one of these three-stranded forks, no formation of daughter duplex was possible and, indeed, only other DNA species (leading daughter strand, parental duplex and parental-daughter duplexes) are produced (Supplemental Figure 1 , lanes 1-6). As expected, production of daughter duplex (indicated by asterisk) is observed when WRN-E84A is incubated with four-stranded fork containing both leading and lagging daughter strands (Supplemental Figure 1 , lanes 13-15). If WRN-E84A is incubated with both three-stranded forks simultaneously, a daughter duplex might conceivably occur via intermolecular strand exchange between the different forks. When this experiment was performed (with concentrations of both three-stranded fork substrates either half or equal to that of the four-stranded fork in the positive control), no daughter duplex was produced; instead, we observed only DNA species corresponding to those formed by unwinding of individual three-stranded forks (Supplemental Figure 1, lanes 7-12) . This result indicates that WRN-mediated intermolecular strand exchange does not detectably occur between these three-stranded replication forks under the same conditions in which daughter duplex is produced from a four-stranded replication fork substrate. Thus, daughter duplex formation from a fourstranded fork by WRN-E84A likely occurs by an intramolecular strand exchange mechanism, a concept even more strongly supported by our experiments showing that WRN can regress our longer fork substrates to form Holliday junctions ( Figure 6 ).
Although our kinetic experiments showed little or no production of free leading daughter strands at the near equimolar WRN-E84A concentrations that mediated daughter duplex formation, we wanted to more thoroughly examine whether daughter duplex formation was a concerted process or the result of possibly independent unwinding and annealing steps. Thus, annealing reactions were performed both with complementary daughter and parental oligomers. Although WRN-mediated annealing of 80-mers can be achieved in reactions with or without ATP (51), these reactions were performed without ATP to minimize potential unwinding of duplex products. In a concentration-dependent manner, WRN-E84A annealed the parental oligomers to generate the 70 bp parental duplex (Supplemental Figure 2, lanes 27-31) , confirming its previously reported annealing capability (23) . However, at WRN-E84A concentrations equal to and significantly higher than needed for fork regression, enzyme-mediated annealing of lagging daughter oligomer (30lag) to any of the leading daughter oligomers was not detected (Supplemental Figure 2, lanes 1-25) . These experiments and others (A. Machwe, unpublished results) indicate that WRN does not facilitate annealing of free oligomers when both are relatively short (<30 nt). A similar effect of oligomer length on BLM-mediated annealing has been previously reported (24) . More importantly, the inability of WRN-E84A (and BLM) to anneal these oligomers when free in solution demonstrates that formation of daughter duplex from our fork substrates does not occur by independent enzymemediated unwinding and annealing steps. Instead, daughter strands appear to be paired while still associated with the fork, a process likely facilitated by some structural property inherent in WRN and BLM. These results indicate that daughter duplex formation results from an intimate linkage between unwinding of the parentaldaughter arms and pairing of the daughter strands. Together with our analysis of the production of daughter and parental duplexes from 21lead fork ( Figure 1F ), WRN-mediated conversion of our fork substrates to daughter (and parental) duplexes reflects a bona fide fork regression process.
With regard to protein specificity, it is worthwhile to determine whether this fork regression function is limited to WRN (and BLM) or perhaps common to other enzymes with helicase activity. Since the UvrD, Rep and PriA proteins have been implicated in the response to replication fork blockage in E. coli (56,58), we examined the action of these helicases on our replication fork substrates. When increasing concentrations of these proteins were incubated with the 21lead, 27lead and 32lead fork substrates containing leading arm gaps of 11, 5 and 0 nt, respectively, no significant production of daughter duplex (reflective of fork regression) was observed (Supplemental Figure 3) , in contrast to our results with WRN-E84A. Both UvrD and Rep produced almost exclusively parental duplex and free leading daughter strand. This pattern suggests that UvrD and Rep displace both daughter strands, allowing the already linked parental strands to completely re-anneal but (unlike WRN) without pairing of the displaced daughter strands. The behavior of PriA varied depending on fork structure. On forks with 11 and 5 nt leading arm gaps, PriA not only produced parental duplexes and free leading daughter strand but also generated a significant amount of parental-daughter partial duplexes, the latter due to forward unwinding of the fork. However, on 32lead fork without a leading arm gap, PriA generates predominantly a three-stranded fork (without concomitant release of labeled leading daughter strand). This indicates that PriA preferentially unwinds the lagging daughter strand on forks without a leading arm gap, in agreement with previous biochemical analyses (56) . Thus, fork regression is not a common property of all helicases, but limited to a subset that includes WRN and BLM. Notably, E. coli RecG can also regress our model replication fork substrates (data not shown), as would be expected from previous studies (59) .
A role for WRN exonuclease activity in fork regression
Our data above indicate that fork substrates containing larger single-stranded gaps on the leading arm are superior structures for regression by exonuclease-deficient WRN-E84A. Since an increase in gap size within these forked structures could be accomplished by degradation from the 3 0 end of the leading daughter strand, we hypothesized that the 3 0 to 5 0 exonuclease activity of WRN-wt might also participate in the fork regression process. To initially test the merit of this theory, we compared the action of exonuclease-proficient WRN-wt with that of WRN-E84A on our fork substrates with different gap sizes on the leading arm. Wild-type BLM, which does not contain exonuclease activity, was also examined to directly compare its action with that of both WRN proteins. First, we measured unwinding by WRN-wt, WRN-E84A, and BLM on a 27 bp partial duplex substrate (70lag/27lag, with both 3 0 ends modified to block WRN exonuclease) containing a 3 0 overhang of 43 nt (Figure 2A ) to determine the amounts of each enzyme needed for comparable activity within the linear range of unwinding. Notably, the same molar concentrations of WRN-E84A and WRN-wt catalyzed nearly equal levels of unwinding; BLMmediated unwinding was also of similar strength on this 3 0 overhang substrate. Then, the action of these enzymes (using concentrations with the same relative unwinding strength) was directly compared on our fork substrates containing leading strand gaps of 11, 8, 5, 2 and 0 nt. These experiments confirm that each of our replication fork substrates can be acted upon by both WRN-E84A and WRN-wt to primarily yield parental duplex and daughter duplex products as well as minor amounts of leading daughter strand ( Figure 2B ). As judged by formation of daughter duplex, the regression activities of WRN-wt and WRN-E84A on fork substrate with an 11 nt gap are comparable. However, as the gap size on the leading arm decreases, daughter duplex formation becomes much more efficient with WRN-wt than with WRN-E84A ( Figure 2C ). This difference is particularly notable on the 27lead fork with a 5 nt leading arm gap ( Figure 2B, lanes 13 versus 14, and C) . A titration of both proteins on this fork substrate also demonstrated that WRN-wt is consistently much more efficient than WRN-E84A in forming the daughter duplex reflective of the fork regression process ( Figure 2D ). BLM is less efficient at fork regression than WRN-wt on all forks except the substrate without a gap on the leading arm (for which regression activity is very weak for each protein), as evidenced by consistently lower daughter duplex formation and higher production of free leading daughter strand ( Figure 2B and C) . In assessing the action of WRN-wt on these fork substrates, two other differences from WRN-E84A (and BLM) were observed. In reactions containing WRN-wt, there was a faint smear extending down from the leading daughter strand band, reflecting minor generation of shorter leading daughter strands. More importantly, for the fork substrates with gaps of less than 11 nt, daughter duplexes produced by WRN-wt migrated slightly faster than those formed by WRN-E84A or BLM, indicating that one or both strands that compose this DNA species had been altered by WRN-wt. As the other strands in the fork substrates are blocked at their 3 0 ends, these effects appear to be due to the 3 0 to 5 0 exonuclease activity inherent in WRN-wt specifically on the leading daughter strand during the course of the reaction. Importantly, this data could imply that the exonuclease activity of WRN-wt may digest the leading daughter strand prior to or during formation of daughter duplexes, particularly on replication fork substrates with gaps on the leading arm shorter than 11 nt. The above analysis of WRN-wt action on our replication fork substrates suggests that its 3 0 to 5 0 exonuclease activity clearly participates in production of fastermigrating daughter duplexes. Since the 3 0 ends of other strands in our fork substrates are blocked, WRNmediated degradation is likely targeted specifically to the leading daughter strand. However, the timing of this exonucleolytic digestion with respect to other enzymatic events (i.e. regression) was unclear. One way to approach this question was to determine whether (and how) WRN exonuclease activity might digest possible reaction products that contain the leading daughter strand. Thus, the action of WRN-wt on both isolated lead daughter strand oligomers (21lead, 24lead, 27lead and 30lead) and daughter duplex substrates (21lead/30lag, 24lead/30lag, 27lead/30lag and 30lead/30lag) as well as our replication fork substrate (27lead fork) with a 5 nt gap was examined by denaturing PAGE. The 27lead fork substrate was utilized here and subsequently due to the obvious benefit that the exonuclease activity of WRN-wt provides for the regression efficiency on this substrate (Figure 2B-D) . In this experiment (as well as later ones), the labeled lagging parental strand (70 nt) of the fork substrate that is modified at its 3 0 end is not detectably digested by WRN exonuclease (Figure 3, lanes 2-3) . Importantly, at enzyme concentrations comparable to those used in regression assays above, the exonuclease activity of WRN-wt could not detectably digest either pre-formed daughter duplexes (Figure 3, lanes 4-15) or isolated leading daughter strand oligomers (Figure 3, lanes 16-27) . In dramatic contrast, the leading daughter strand was extensively digested in the context of the intact 27lead fork substrate (Figure 3, lanes  1-3) . This result on single-stranded oligomers is in agreement with earlier studies showing that oligomers of <30 nt are very poor substrates for WRN exonuclease (60) . These experiments on isolated daughter duplexes and daughter strand oligomers are highly relevant to the timing of WRN exonuclease activity in our reactions containing short fork substrates. Specifically, once daughter duplexes are formed or leading daughter strands are displaced, they are not subject to WRN exonuclease activity. Therefore, digestion of the leading daughter strand of the fork substrate by WRN-wt must have 16-19) or 0 nt (lanes 21-24) without or with BLM (160 pM), WRN-E84A (120 pM) or WRN-wt (120 pM) as indicated were incubated at 378C for 5 min. DNA products were analyzed by native PAGE and visualized by phosphorimaging. Also subject to PAGE in parallel were marker sample mixtures (asterisks below denoting the radiolabeled strands) each containing parental duplex ( Ã 70lag/70lead) and single-stranded 70-mer ( Ã 70lag) markers but distinguished by substrate-specific daughter duplex and leading daughter strand markers as follows:
Ã 21lead/30lag and occurred before or concomitant with (but not after) the formation of daughter duplex.
To further investigate a possible relationship between digestion of the leading daughter strand and regression, the effect of ATP on WRN exonuclease activity was examined. Reactions with 27lead fork substrate and either WRN-wt or the ATPase-and helicase-deficient WRN-K577M mutant were analyzed in parallel for regression and exonuclease activity in the presence or absence of ATP. For these experiments, concentrations of WRN-wt and WRN-K577M that yielded approximately equal levels of exonuclease activity on the leading daughter strand within this fork substrate in the absence of ATP were used. When DNA products of kinetic assays over 5 min with and without ATP were analyzed by native PAGE, formation of daughter (and parental) duplexes occurs readily with WRN-wt in the presence of ATP but not detectably in its absence; moreover, WRN-K577M does not catalyze formation of daughter duplex regardless of the presence or absence of ATP ( Figure 4A, top panels) . WRN-wt and WRN-E84A also do not catalyze formation of daughter duplex in the presence of the weakly hydrolyzable analog ATPgS (data not shown). These results demonstrate that formation of daughter duplex indicative of fork regression requires the ATPase and helicase activities of WRN. When these same reactions were analyzed by denaturing PAGE, some degradation of the leading daughter strand by WRN-wt and WRN-K577M is observed whether or not ATP is present lanes 1-8) or WRN-K577M (150 pM, lanes 10-17) were incubated at 378C in the presence or absence of ATP as indicated. Duplicate aliquots were removed from each reaction at 0, 1, 2.5 and 5 min for analysis in parallel by native (top panels) and denaturing PAGE (bottom panels). The native PAGE analysis also contained daughter duplex (27lead/ 30lag) and leading daughter strand (27lead) markers (lane 9) and the migration of relevant DNA structures (top) and various lengths of single-stranded species (bottom) are indicated between panels. (B) For the 0 and 5 min time points in A analyzed by denaturing PAGE, the amount of radioactivity in each band of 27 nt was quantitated and the percentage of each band with respect to total signal derived from the leading daughter strand was determined. Then, the relative (loss or gain) change in the percentage of each DNA species ranging between 17 and 27 nt from the 0 to the 5 min time point is presented in bar graph form to directly compare exonuclease digestion profiles under the following conditions: WRN-K577M minus ATP (white), WRN-K577M plus ATP (light gray), WRN-wt minus ATP (dark gray), WRN-wt plus ATP (black). The table at bottom shows these numerical values for the relative change in each DNA species over 5 min. Negative values associated specifically with the 27-mer reflect the reduction in the amount of intact leading daughter strand as a result of WRN exonuclease activity.
( Figure 4A , bottom panels). However, digestion of the leading daughter strand is much more pronounced with WRN-wt in the presence of ATP in comparison to each of the other conditions, as indicated both by the direct digestion patterns ( Figure 4A , bottom panels) and by the quantitation of relative changes in leading daughter strand length ranging from 27 nt (undigested) to 17 nt after 5 min ( Figure 4B ). While the other conditions have remarkably similar digestion profiles, reactions containing WRN-wt in the presence of ATP show, by 5 min, a much higher level of exonucleolytic activity on the leading daughter strand by two criteria. They have 1) a much more dramatic (approximately 2.5-fold greater) loss of signal associated with undigested leading daughter strand (27 nt) and 2) a concomitantly increased generation of shorter leading daughter strand products with lengths between 26 and 19 nt ( Figure 4B , compare black bars to others). Also notable in this digestion pattern are elevated amounts of 19-and 20-mers compared to several longer leading daughter strand products (see next paragraph for further clarification). Since only reactions including WRN-wt with ATP showed both formation of daughter duplex and enhanced exonuclease activity on the leading daughter strand, these results suggest that optimal WRN exonuclease activity may be connected to partial unwinding of the leading daughter strand and perhaps regression of the fork substrate. These experiments not only confirm that regression activity specifically requires the ATPase and helicase activities of WRN, but also indicate that the exonuclease activity of WRN on the leading daughter strand of replication fork substrates is positively correlated to its ability to perform regression.
Finally, we tested how the 3 0 to 5 0 exonuclease activity of WRN processed the leading daughter strands of fork substrates with different leading arm gaps in relation to the specific formation of daughter duplexes. For these experiments, fork substrates with leading arm gaps of 2-11 nt were incubated with WRN-wt and total DNA products were analyzed in parallel by native and denaturing PAGE. In addition, daughter duplex products from native PAGE were excised, extracted, and then analyzed by denaturing PAGE alongside the total DNA products from the regression reaction. As before, native PAGE ( Figure 5A ) showed that WRN-wt generated daughter and parental duplexes along with some short singlestranded products from these substrates. Significantly, the migration of daughter duplexes generated from fork substrates with gap sizes of 2-8 nt was slightly faster than their respective (undigested) daughter duplex markers ( Figure 5A , compare lanes 5, 8 and 11 with lanes 6, 9 and 12, respectively). Analysis of total DNA products by denaturing PAGE shows that WRN-wt degrades the labeled leading daughter strand of each substrate, although the number of nucleotides removed decreases as the gap size increases ( Figure 5B, lanes 2, 5, 8, 11 and 14) . Conspicuously, for each fork substrate, there is substantial degradation until the leading daughter strand reaches 19-20 nt, but digestion beyond that point decreases precipitously. In this analysis of total products, the leading daughter strand could be associated with daughter duplex, displaced leading daughter strand and/or four-stranded fork, but not to any significant extent with other DNA structures. Parallel analysis of the extracted daughter duplexes (denoted a-d in Figure 5A and B) shows that the leading daughter strand component of these duplexes is strictly degraded in a range extending down to 19 nt ( Figure 5B, lanes 3, 6, 9, 12 and 15) . Thus, the lengths of leading daughter strand specifically associated with the daughter duplex product reflects a defined subset of the WRN exonuclease activity occurring during the entire reaction. Keeping in mind that WRN exonuclease does not act on the daughter duplex once formed (Figure 3) , this result indicates that the exonuclease activity of WRNwt digests the leading daughter strand of each fork substrate, decreasing its length and thereby increasing the leading arm gap size to as much as 13 nt, prior to or concomitant with unwinding and pairing of daughter strands to yield the (faster-migrating) daughter duplexes. To scrutinize this further, the relative amounts of radioactivity associated with each band present in lanes corresponding to the extracted daughter duplexes produced from each fork substrate were determined and directly compared ( Figure 5C ). This analysis shows that, for each substrate, a minor portion of the daughter duplexes contained undegraded leading daughter strands-i.e. 15.1, 9.5, 19.1 and 25% ( Figure 5C , see striped shapes) for the daughter duplexes from the fork substrates with 2, 5, 8 and 11 nt gaps, respectively. Thus, digestion of the leading daughter strand (prior to or concomitant with daughter duplex formation) occurs during the vast majority of fork regression events catalyzed by WRN-wt. The most favored length of the leading daughter strand within the daughter duplex product was, by far, 20 nt followed closely by 19 nt, regardless of the leading strand gap size in the original fork substrate. Although the length of the leading daughter strand in these daughter duplexes is certainly not uniform, there is a definite preference for a leading daughter strand length of 19 or 20 nt corresponding to a gap size of 13 or 12 nt on the original fork substrate. When considered in combination with our comparison of WRN-E84A and WRN-wt on fork substrates with different leading arm gaps (Figure 1) , these findings convincingly demonstrate that the exonuclease activity inherent in wild type WRN enhances the regression of forks with small (2-8 nt) leading strand gaps, apparently by generating a better structure for the regression process. Furthermore, our data thus far indicate that the favored structure for regression by the coordinated helicase and annealing activities of WRN is a fork with a leading strand gap of at least 11-13 nt.
WRN regresses replication forks to form Holliday junction intermediates
The experiments above demonstrate that WRN (and BLM) can readily produce a daughter duplex from model replication forks with homologous parental-daughter arms of limited length. However, in vivo the parentaldaughter arms are essentially continuous, extending back to the origin of replication. Thus, during the process of fork regression, the daughter strands would remain associated with the parental strands resulting in a Holliday junction or 'chicken foot' structure. Such a structure is believed to be the key intermediate in pathways that cope with blocked forks and restart replication (33-37).
To determine whether WRN could generate Holliday junction intermediates, a longer, more complex replication fork substrate was designed. Precisely at the fork junction, this substrate ( Figure 6A , top left) contained 5 nt of Figure 5 . The exonuclease activity of WRN-wt performs limited digestion of the leading daughter strand of fork substrates to create an optimal structure for fork regression. Reactions containing fork substrates (50 pM) with leading strand gaps of 11, 8, 5 and 2 nt were incubated for 5 min at 378C without (À) or with (+) WRN-wt (300 pM). (A) Aliquots of these reactions were analyzed by native PAGE along with markers (M) for undigested daughter duplexes and leading daughter strands specific for each fork substrate (lanes 3, 6, 9 and 12). Positions of migration of parental duplex (70lag/70lead), daughter duplex and leading daughter strand products are indicated at left. The letters (a-d) associated with daughter duplexes (generated from each fork substrate) identify the specific products that were excised and analyzed by denaturing PAGE. (B) In parallel, aliquots of the same reactions were subject to denaturing PAGE with the total DNA products from reactions containing WRN-wt (lanes 2, 5, 8 and 11) run alongside the corresponding daughter duplex products (a-d) individually extracted from native PAGE (lanes 3, 6, 9 and 12). The positions of migration and sizes (in nt) of both undigested leading daughter strands for each fork substrate and the primary 19 and 20 nt digestion products (denoted with arrowheads) are indicated at right. (C) The percentage of the total radioactivity associated with each band in the daughter duplex digestion profiles (B, lanes 3, 6, 9 and 12) was quantitated and then plotted with respect to the product (leading daughter strand) lengths derived from each original fork substrate [back to front, 11 nt gap (purple blocks), 8 nt gap (blue cylinders), 5 nt gap (orange pyramids) and 2 nt gap (green cones) substrates, respectively]. Striped shapes represent the amount of undigested leading daughter strand for each substrate, also signifying the maximum length possible for each corresponding substrate.
non-complementarity on each arm (again to prevent spontaneous branch migration) as well as the optimal size gap (12 nt) on the leading arm for regression by WRN that obviated the need for its exonuclease activity. Most importantly, both parental-daughter arms of this substrate were significantly longer and contained homologous sequences proximal to the fork junction (denoted in green) but non-homologous sequences (30 bp on each arm) at the distal ends (denoted in red). Theoretically, this design would allow initiation of fork regression with branch migration and daughter strand pairing up to the point of heterology, at which further regression might be inhibited. Nevertheless, if regression was initiated, the fork should be converted, at least transiently, to a Holliday junction with limited mobility ( Figure 6A, lower pathway) . The high efficiency of WRN-mediated regression of fork substrates with similar-sized leading arm gaps (Figures 1  and 2 ) made us hopeful that we could detect transient formation of such Holliday junction structures by using known resolvases. Thus, consensus sequences (5 0 -#CC-3 0 ) for cleavage by RusA, a Holliday junction-specific resolvase, were included on each strand within the homologous but not the heterologous regions of the parental-daughter arms. Notably, 5
0 -CC-3 0 sequences were also present in the parental duplex region, serving as an internal control for the Holliday junction specificity of RusA. Unique Rsa I and Xmn I sites were included precisely at the junctions between homologous and heterologous regions on the leading and lagging arms, respectively. For this substrate, radioactive labels were placed at the 5 0 ends of the lagging daughter strand (82lag) and the leading parental strand (122lead). Notably for this series of experiments, the specific activity of the former was approximately 18 times that of the latter, influencing the relative intensities of individual DNA products. Moreover, this particular placement of radiolabels determines the nature of DNA products that can be observed following treatment of both intact fork substrate with WRN-E84A plus RusA ( Figure 6A , bottom right) and restricted fork with only WRN-E84A ( Figure 6A , top right).
We initially wanted to determine whether this longer fork substrate could be acted on by WRN to yield a daughter duplex product in a manner identical to the substrate above. To this end, this substrate was restricted with Rsa I and Xmn I ( Figure 6A , top center) to release the heterologous (and unlabeled) regions of both arms; the resulting fork with entirely homologous leading and lagging arms was purified. When this substrate was treated with WRN-E84A, two new DNA products ( Figure 6B , lanes 2-5, indicated by arrows) appeared with migration consistent with that of the potential daughter duplex (a 42 bp plus 10 nt 5 0 overhang) and the parental duplex (92 bp); note that the daughter duplex appears more intense due to the higher specific activity of the lagging daughter strand. As above, production of both species required ATP hydrolysis and occurred at extremely low WRN concentrations without detectable amounts of single-stranded products (data not shown). These experiments confirm that this restricted fork could be regressed by WRN-E84A in the same manner as the shorter fork substrate (21lead fork) that contained a similar structure at the fork junction. These findings also suggest that the length of the homologous arms in our substrates does not significantly affect WRN's regression function, as the homologous arms of the restricted fork are approximately twice as long as those in our short fork substrates.
Next, the unrestricted long fork substrate was treated with WRN-E84A in the presence or absence of RusA. Over the same range of concentration used above, WRN-E84A alone did not generate a product resulting from pairing of the daughter strands ( Figure 6C, lanes  3-6) , in contrast to our results on forks with completely homologous arms. This suggests that the heterology on the distal ends of each arm inhibits WRN-mediated generation of 'daughter duplex' in a manner that cannot be overcome by unwinding activity at these limiting concentrations of WRN-E84A. Thus, if fork regression intermediates are formed by WRN-E84A from this substrate, they revert (by enzyme-mediated or spontaneous reversal of branch migration) back to the fork structure during the reaction and/or electrophoresis. Small amounts of parental-daughter duplexes were detected, consistent with weak forward unwinding of this fork. In order to detect whether Holliday junction intermediates are transiently generated, RusA was added one min following the start of a 378C incubation of substrate with WRN-E84A. Addition of RusA to WRN-containing reactions yielded new DNA products (indicated by asterisks) when analyzed by native PAGE ( Figure 6C,  lanes 7-10) . The more prominent product migrated a little slower than a 77 bp marker, while the other migrated just slightly above a 122/82 partial duplex marker, consistent with RusA resolution of a Holliday junction formed from this fork substrate-i.e. a 72 bp duplex with a 10 nt 5 0 overhang (more prominent because it contains the labeled strand with higher specific activity) and a 122 bp duplex, each putatively containing a nick (see Figure 6A , lower right). In an important control, RusA without WRN-E84A does not detectably act on the fork substrate ( Figure 6C, lane 2) . These results are consistent with the previously characterized specificity of RusA for Holliday junctions and also indicate that WRN-E84A is generating the Holliday junction structure for RusA cleavage. Importantly, RusA cleavage required not only WRN-E84A but also ATP hydrolysis, as cleavage was not detected in the absence of ATP or in the presence of the poorly hydrolyzable analog ATPgS (Figure 6D ), demonstrating that WRN ATPase and helicase activities were necessary to convert the fork substrate to a Holliday junction intermediate.
Similar reactions were analyzed to determine whether these new DNA products indeed corresponded with RusA-specific cleavage events on Holliday junctions generated by WRN-dependent fork regression. If a Holliday junction were generated by fork regression, positioning of RusA consensus (5 0 -#CC-3 0 ) sequences in the labeled lagging daughter (82lag) and leading parental (122lead) strands within the homologous regions on the arms of this substrate would cause RusA to cut 30 and 70 nt from the labeled 5 0 ends of the respective strands Figure 6 . WRN regresses long fork substrate to Holliday junction structures cleaved by RusA. (A) A model replication fork substrate (top left) was constructed using four oligomers (identified in italics) in a two-step annealing process (see 'Materials and methods' section). Lagging and leading arms were homologous (green) proximal and heterologous (red) distal to the fork junction; unique restriction sites for Xmn I and Rsa I specified blunt end cleavage at the boundary between homologous and heterologous regions on the lagging and leading arms, respectively (blue arrows). Parental strands contained non-complementarity (5 nt, in orange) precisely at the fork junction to prevent spontaneous branch migration. Digestion with Xmn I and Rsa I generated a replication fork with shorter, homologous arms that, upon fork regression (by WRN-E84A) would yield daughter and parental duplex products (top pathway). In contrast, potential WRN-E84A-mediated regression of the unrestricted fork would yield a Holliday junction structure (bottom left) in which branch migration would be limited by the heterologous regions. Since both the labeled and unlabeled strands within the homologous region of each arm contain consensus 5 0 -CC-3 0 sequences for RusA cleavage (sequences indicated in yellow and white while cleavage sites denoted by solid and dotted arrows, respectively), putative Holliday junctions may be resolved by RusA to yield two nicked duplexes (bottom right). Although resolution by RusA may occur on the labeled or unlabeled strands of the Holliday junction, only products generated by cleavage of the labeled strands are depicted. (B) Rsa I-and Xmn I-restricted long fork substrate (50 pM) was incubated at 378C for the indicated times with WRN-E84A (100 pM). DNA products were analyzed by native PAGE with phosphorimaging, along with heat-denatured fork preparations either slow-cooled to produce various annealing products (Mkr 1) or rapidly cooled to maintain oligomers in single-stranded form (Mkr 2). Migration of relevant DNA structures is denoted at right. (C) Reactions containing unrestricted long fork substrate (50 pM) without or with (see Figure 6A , lower right). When reactions containing WRN-E84A and/or RusA were analyzed by denaturing PAGE, neither WRN-E84A alone nor RusA alone detectably produced any change to the labeled (122lead and 82lag) strands of the fork substrate ( Figure 6E, lanes 6  and 7) . In contrast, reactions that contained WRN-E84A followed by RusA showed new bands that co-migrated with 30 and 70 nt markers ( Figure 6E, lane 8) . To further clarify the nature of the events catalyzed by WRN-E84A plus RusA, the new DNA products detected by native PAGE ( Figure 6E, lane 4, denoted a and b) were individually excised, extracted, and subjected to denaturing PAGE. This analysis indicated that the lower product (a) contained both cleaved and uncleaved 82-mer ( Figure 6E, lane 10) . The upper product (b) contained both cleaved and uncleaved 122-mer with also some 82-mer ( Figure 6E, lane 11) , the latter apparently derived from lagging parental-daughter duplex that nearly comigrates by native PAGE with this RusA cleavage product. Regarding this outcome, it is important to reiterate that CC sequences were also present on the unlabeled (122lag and 72lead) strands within the homologous regions. Thus, we conclude that after WRN-E84A mediates fork regression, RusA can cleave either both labeled or both unlabeled strands of the resulting Holliday junction (see Figure 6A , bottom left, solid and dashed arrows, respectively). While each set of cleavages generates different locations of nicks, analysis by native PAGE shows only two new products, a 72 bp duplex with 10 nt 3 0 overhang plus a 122 bp duplex, regardless of whether the nicks are present in the labeled or unlabeled strands. When these products are extracted and analyzed by denaturing PAGE, concerted RusA cleavage of the labeled strands yields shorter single-stranded products (30-and 70-mers) while concerted cleavage of the unlabeled (undetectable) strands leaves the labeled strands intact (82-and 122-mers). These results clearly demonstrate that WRN-E84A regresses this fork substrate to generate a Holliday junction or 'chicken foot' structure that is cleaved by RusA at its specific recognition sequences.
DISCUSSION
Replication fork blockage is such a common event that cells have evolved specialized pathways to handle these situations. Regression of a blocked replication fork is theorized to be the initial step in dealing with these serious challenges to completion of DNA replication, genome stability and cell survival (33) (34) (35) (36) (37) . Fork regression would involve pairing of nascent daughter strands and re-annealing of parental strands to form a Holliday junction or 'chicken foot' intermediate. Following fork regression, obstacles to replication might be addressed by alternative pathways including (1) repair of a blocking lesion and reverse branch migration to regenerate a forked structure, (2) a strand-switching replication step in which the lagging daughter strand serves as template followed again by reverse branch migration, bypassing the blocking lesion and re-establishing the fork or (3) resolution of the Holliday junction to generate a double-strand break that could initiate recombinational pathways to restore a functional replication fork. A preliminary report from our lab established that the human RecQ helicases WRN and BLM have the ability to regress a specific replication fork substrate (49) . In this study, we have examined the ability of WRN to act on several model replication fork substrates, including a series of short fork substrates containing structural differences at the fork junction and another longer substrate that allowed Holliday junction formation and detection during a potential regression reaction. Importantly, fork regression by WRN on our long fork substrate directly forms a Holliday junction that is detected using the RusA resolvase ( Figure 6 ). Fork regression requires the ATPase and helicase activities of WRN, as it does not occur in reactions (1) lacking ATP or including the poorly hydrolyzable analog ATP-g-S or (2) using the WRN-K577M mutant that lacks both ATPase and unwinding activity. Most notably, our experiments with shorter fork substrates indicate a specific role for the 3 0 to 5 0 exonuclease activity of WRN during fork regression-i.e. controlled digestion of the leading daughter strand to generate a more favorable structure for regression and thereby increase the efficiency of this process. These findings suggest a novel role for the exonuclease activity of WRN during fork regression that operates in coordination with its unwinding and annealing activities. Thus, all of the DNA-dependent activities of WRN may cooperate to promote replication fork regression.
Enzymatic reactions containing WRN-E84A or WRN-wt showed a concentration-and time-dependent conversion of our short fork substrates to both parental and daughter duplex products (see Figures 1 and 5A ). Daughter duplex formation is specific for a regression event as it requires both unwinding and pairing of the physically unlinked daughter strands ( Figure 1A ). Although generation of free leading daughter strand product is detectable in reactions containing relatively high WRN concentrations, several lines of evidence demonstrate that daughter duplex formation occurs through an intimate linkage between unwinding of parental-daughter arms and pairing of daughter strands.
WRN-E84A (100, 200, 400 or 600 pM) were initiated at 378C, supplemented with RusA (10 nM) after 1 min as indicated, and stopped after 5 min total. DNA products were analyzed as in B, along with a marker (lane 11) containing labeled 82lag/122lag, 122lead, 82lag and a 77 bp duplex. , lanes 5-8) . For native PAGE, the bands denoted a and b represent DNA species that were excised, extracted and analyzed subsequently by denaturing PAGE (right panel, lanes 10 and 11, respectively). Also run on this gel were labeled 30-mer (lane 9) and 70-mer (lane 12) as markers for RusA cleavage at its specific sites on the labeled 82lag and 122lead strands, respectively, of putative Holliday junction structures formed from unrestricted long fork substrate.
First, WRN does not anneal the free daughter oligomers (due to their short length) that comprise daughter duplexes (Supplemental Figure 2) , indicating that annealing does not independently follow unwinding of the parental-daughter arms. Second, at limiting concentrations of WRN-E84A (Figure 1) , there is almost exclusive production of daughter and parental duplexes without significant generation of three-stranded forks or free leading daughter strands. Furthermore, free leading daughter strands are not significantly produced at any time during our kinetic experiments ( Figures 1D-F  and 4A ), strongly suggesting that daughter duplexes are formed from the fork substrates without release of daughter strands. Most convincingly, a quantitative analysis of WRN-E84A-mediated regression of 21lead fork substrate over time demonstrates that the parental and daughter duplexes are produced directly and essentially simultaneously from intact four-stranded fork ( Figure 1F ). Lastly, pairing of daughter strands during regression is a process mediated by WRN (or BLM) but not all unwinding enzymes, as other helicases such as UvrD and Rep unwind both daughter strands of our short fork substrates but do not produce daughter duplexes. These results indicate that daughter duplex formation does not simply occur spontaneously during daughter strand unwinding. Taken together, our results suggest that, during regression, the partially unwound daughter strands are juxtaposed by WRN in a manner that promotes their pairing to form a Holliday junction that, for our short fork substrates, is subsequently converted to daughter and parental duplexes. This is further supported by the WRN-dependent conversion of our long fork substrate to Holliday junctions ( Figure 6 ) in which the daughter strands are paired while still associated with the parental strands. It seems very likely that WRN-mediated fork regression occurs through coordination between its unwinding function and its previously reported strand annealing activity (23) .
The results with our short fork substrates indicated that the leading arm structure had a major influence on the efficiency of fork regression. Specifically, daughter duplex formation by exonuclease-deficient WRN-E84A was greatly enhanced when the single-stranded gap on the leading arm increased to 11 nt from 8 nt (Figures 1 and 2) . Although WRN-wt was similarly effective as WRN-E84A in daughter duplex formation from substrate with an 11 nt gap, it was much more efficient on fork substrates with shorter leading strand gaps (Figure 2) , suggesting that WRN's 3 0 to 5 0 exonuclease activity might be digesting the leading daughter strand to increase the gap size. In addition, daughter duplexes formed by WRN-wt migrated slightly faster by native PAGE than those formed by WRN-E84A, in agreement with putative 3 0 to 5 0 processing of the leading daughter strand. Analysis by denaturing PAGE confirmed that WRN-wt was specifically degrading the leading daughter strand during these regression reactions (Figures 3-5) . However, the exonuclease activity of WRN-wt could not detectably digest daughter duplexes (or displaced leading daughter strands) once formed (Figure 3 ), indicating that digestion of the leading daughter strand was occurring prior to or concomitant with formation of daughter duplex. Further analysis indicated that, during regression, exonucleolytic digestion of the leading daughter strand by WRN-wt was essentially limited to a defined range, regardless of the original length of this strand in the fork substrate. The observed preference for digestion to a length of 20 or 19 nt corresponds to generation of a 12 or 13 nt singlestranded gap on the leading arm, respectively ( Figure 5B and C). Taken together, these results indicate that WRN exonuclease activity promotes regression on substrates with gaps shorter than 11 nt by digesting the leading daughter strand to increase the leading arm gap size. The exonuclease-deficient WRN-E84A protein is unable to alter the gap size and thus acts efficiently only on our short fork substrate with an 11 nt gap. By this reasoning, the optimum structure for regression by WRN, without assistance from its exonuclease function, is a fork with a leading arm gap of at least 11-13 nt. This conclusion is further supported by the highly efficient regression and Holliday junction formation by WRN-E84A on the longer fork substrate containing a leading arm gap of 12 nt ( Figure 6B and C). These experiments suggest WRN exonuclease activity may participate in processing the leading daughter strand during regression of blocked replication forks, but its degree of involvement may depend on the precise structure at the fork junction and perhaps the spatial relationship between leading and lagging daughter strands.
The efficiency of WRN-mediated regression on forks with !11 nt leading arm gaps suggests that WRN may preferentially act on forks in which leading strand synthesis is blocked while lagging strand synthesis continues, leaving a single-stranded gap on the leading arm. During fork regression, WRN exonuclease activity may further digest the leading daughter strand, a processing step that may simply generate the optimum structure for enzyme-mediated pairing of the daughter strands. However, there may be other advantages to this arrangement. On this series of substrates, WRN-mediated regression only occurs efficiently when the leading daughter is at least 10-12 nt shorter than the lagging daughter strand. If this structural relationship was maintained (or perhaps further exaggerated) in vivo, fork regression would always yield a Holliday junction containing a single free end with a 5 0 overhang. Since formation of Rad51-mediated filaments occurs on 3 0 overhangs (61), this structure might inhibit recombination, perhaps in favor of alternate, less error-prone pathways such as (1) repair of the blocking lesion and reverse branch migration to re-establish a viable replication fork or (2) strand switching synthesis and reverse branch migration with concomitant bypass of the obstacle (on the parental leading strand) that originally impeded fork progression. Recent studies in E. coli suggest that lesion repair might be the first alternative attempted following fork blockage caused by DNA damage (62) . It is tempting to speculate that enzymatic regression processes have evolved to at least initially favor less error-prone pathways such as repair or strand switching. Cells from WS patients have a higher rate of spontaneous RAD51 foci formation than normal cells, supporting the idea that recombination might be utilized more often when WRN is non-functional (43) . Importantly, the notion that WRN regresses replication forks to specifically generate intermediates that suppress instead of promote recombination would be consistent with the hyperrecombination phenotypes of cells that have lost WRN function.
Fork structures with heterologous arms have previously been shown to be excellent substrates for WRN helicase (63) . Here, we demonstrate that WRN specifically regresses forks with homologous arms. With regard to its action on fork structures, WRN binds in the vicinity of the fork junction as judged by DNase I footprinting (Machwe et al., unpublished results). It is quite relevant that WRN-wt and WRN-E84A regression activities are highly efficient when the structure of the fork substrate is favorable. As judged by daughter duplex formation, regression of the fork substrate with an 11 nt gap on the leading arm is readily detectable after 5 min using sub-and near-equimolar levels of enzyme compared to substrate ( Figure 1B, lanes 19-23) . Furthermore, at low concentrations, WRN is more effective at catalyzing regression of this fork substrate than unwinding a 27 bp partial duplex ( Figure 2 ). WRN also efficiently regresses our longer fork substrate containing a 12 nt gap at near-equimolar concentrations ( Figure 6B and C). Although these experiments cannot determine the stoichiometry of WRN with respect to the DNA substrate, the requirement for unwinding of both parental-daughter arms during regression might imply at least a dimeric structure. Irregardless, the efficiency by which WRN catalyzes this multi-faceted regression reaction suggests that it is particularly suited to this task. It is noteworthy that BLM, another human RecQ helicase that possesses unwinding and strand pairing activities and DNA substrate specificity similar to WRN, also performs fork regression (49, 64) . Like WRN, BLM produces Holliday junctions from our long unrestricted fork substrate that are recognized and cleaved by RusA (data not shown). However, BLM appears to be consistently less efficient in fork regression of each of our short fork substrates than WRN-wt (Figure 2A and B) . Although RecG can also regress model forks as previously reported (59), other helicases (including UvrD, Rep and PriA implicated in resolution of fork blockage in E. coli) tested thus far could not perform this function, suggesting that fork regression capability appears relatively limited to a small group of helicases that includes WRN and BLM. Thus, some RecQ helicases are structurally designed to catalyze fork regression by combining their helicase and strand pairing activities. Notably, two other human RecQ family members, RecQ1 and RecQ5b, have also been shown to possess both DNA unwinding and annealing activities (25, 26) . It may be relevant in a physiological context that BLM and other human RecQ helicases do not possess exonuclease activity and alone cannot modify the structure at the fork junction in the way that WRN-wt can. We speculate that WRN is preferentially involved in regression of blocked forks, while BLM may be more likely to participate (in combination with topoisomerase IIIa and BLAP75) in other DNA transactions, such as double Holliday junction resolution to prevent crossing over during homologous recombination (65) .
RecQ helicases have previously been postulated to play roles in resolution of replication fork blockage (38, 39, 66) . The finding that both WRN and BLM can readily regress model replication forks greatly strengthens this hypothesis. However, formation of Holliday junctions resulting from replication fork regression in vivo is somewhat speculative and further proof is needed of specific genome maintenance pathways utilizing fork regression and under what circumstances they are implemented. It is also noteworthy that WRN has been hypothesized to participate in several other pathways that preserve genome stability (such as telomere maintenance). Despite these caveats, potential involvement of WRN in replication fork regression is consistent with previous findings regarding WRN and certain properties of WRN-deficient cells. WRN-deficient cells are slower than their normal counterparts in completing S phase and show asymmetric replication fork progression, consistent with an inability to properly resolve fork blockage (41, 42) . They are also hypersensitive to agents that severely inhibit DNA replication including (1) hydroxyurea, which depletes deoxynucleotide pools, (2) topoisomerase inhibitors that induce strand breaks and DNA-protein crosslinks and (3) interstrand crosslinking agents (such as mitomycin C and cisplatin) that prevent unwinding of the parental strands (8, 11, 43, 44) . Furthermore, in normal cells, WRN migrates rapidly to sites of DNA synthesis following treatment with these and other DNA damaging agents (21, (45) (46) (47) , findings that suggest that WRN is recruited to sites where replication is blocked. Our results suggest the reason for this relocalization-i.e., WRN is brought to blocked replication forks to catalyze their regression as part of a pathway that maintains genome stability. It is possible that, although they lack exonuclease activity, other human RecQ helicases such as BLM can partially compensate for loss of WRN function in fork regression. However, if such redundancy exists, it is likely imperfect and there may be situations in which WRN-deficient cells are still compromised in dealing with blocked replication forks. As a result, cells lacking WRN are hyperrecombinant and accumulate chromosomal abnormalities that are almost assuredly responsible for the increased cancer incidence of WS patients. Alternatively, in response to these DNA metabolic problems some cell types may trigger apoptosis or permanent cell cycle exit (senescence). With time, the cumulative loss of either cells by apoptosis or reduction in proliferative capacity within a tissue may cause the premature aging phenotypes of WS. Although more research is needed to confirm these hypotheses, a specific function in fork regression is highly consistent with existing knowledge regarding WRN and WS.
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